Group-III nitride nano-dimensional materials with noncentrosymmetric crystal structure offer an exciting area of piezotronics for energy conversion applications. We experimentally report the piezotronic and piezo-phototronic effects of n-InGaN nanowires (NWs) having an emission wavelength in the visible region (≈ 510 nm). The n-type InGaN NWs, exhibiting high structural and optical quality, were grown by plasma-assisted molecular beam epitaxy (PAMBE) on Ti/TaN/Si substrates to facilitate the direct bottom electrical contact to the NWs. Further, we use Pt/Ir conductive atomic force microscopy (c-AFM) tip as a top electrical contact to the NW.
Introduction
The conversion of nanoscale mechanical energy into electrical energy in conjunction with photon excitation is an essential process enabling a new area of research in recent years for energy harvesting applications apart from being of fundamental concern. [1] [2] [3] [4] Though the perovskite oxides (lead zirconate titanate -PZT) with wider bandgap and high piezoelectric coefficients showed enormous applications in the area of mechanical sensors and actuators, their electrical insulating properties hinder them from being a part of the electronic devices. [5, 6] In contrast, despite the low piezoelectric coefficients, wurtzite structured semiconducting materials with a relatively smaller bandgap, have a unique advantage over perovskite oxides due to the feasibility of optical excitation and the doping controlled excellent conductivity properties. Among wurtzite structured materials, group-III nitride semiconducting nanowires (NWs) with the noncentrosymmetric crystal structure, having versatile applications in electronics and optoelectronics, [7] [8] [9] [10] [11] can be used as piezotronic devices by coupling their semiconducting and piezoelectric properties. When the size in the radial directions of nanostructures is reduced, the strain along the axial direction turns more effective. In piezotronic semiconducting materials, such directional strain renders better dipole alignment hence higher piezoelectric field and energy conversion efficiency. Moreover, since the low dimensional nanostructured (NS) materials are proposed to have enhanced piezoelectricity as compared to the thin films [12] , they have been widely utilized as nanogenerators, strain sensors, actuators, piezo-potential controlled field effect transistors, and self-charged cardiac pacemakers. [13] [14] [15] [16] The clean energy from environmental sources can power up the nanodevices using the piezoelectric properties of semiconducting NWs acting as an energy conversion medium. [17] Recently, Zhao et al. have demonstrated a tunable Schottky barrier height at the interface of atomic force microscopy (AFM) Pt tip and c-plane GaN NW by varying the normal compressive force. Nevertheless, this was observed to be unaltered on m-plane GaN NWs having the transverse piezoelectric polarization axis. [1] Thus, the polar nature of wurtzite III-nitrides is an advantage that allows tuning the charge transport properties across metal-semiconductor interfaces for fabricating piezotronic effect based functional devices. Very recently, Xue et al. studied the layer-dependent in-plane and out-of-plane piezoelectricity of α-In 2 Se 3 (2D layered material) using piezo force microscopy (PFM) where the piezoelectric coefficient of the single layer was observed to be less than that of the bulk layered material. [4] Thus, the piezotronic effect, resulting from the prior mentioned two-way coupling, has been observed in both 2D layered and 3D bulk semiconducting nano-dimensional materials irrespective of the presence of dangling bonds at the surface. [1, 18, 19] On the other hand, the three-way coupling, associated with the semiconductor, piezoelectricity and photonic excitation, leads to the piezo-phototronic effect which permits to tune the electro-optical processes in the presence of strain induced piezo-potential in the material. [5] Hence, accompanying the piezotronics with photoexcitation opens additional promising opportunities in photodetection, photovoltaics and strain modulated electroluminescence. [2, 20, 21] However, many efforts have been made along the direction of two-way coupling using wurtzite II-VI and III-V materials. [1, 12, 14, [22] [23] [24] [25] The experimental evidence of unique three-way coupling, using c-AFM in combination with optical excitation, to accomplish piezo-phototronic effect in the technologically important n-InGaN NWs has yet to be demonstrated, while the limited attempts have been reported on this for ZnO NWs.
11 Du et al. claimed the piezo-phototronic effect controlled dual-channel visible light communication (PVLC) using InGaN/GaN multi-quantum wells (MQWs) nanopillar structure. 20 The piezophototronic effect can be achieved in the presence of visible photoexcitation using group-III nitride InGaN NWs exhibiting tunable direct bandgap from NUV to NIR spectral range and reasonably high piezoelectric coefficients with wurtzite non-centrosymmetric crystal structure.
Also, indium containing III-nitride alloys exhibit relatively higher piezoelectric coefficients, consequently resulting in a prominent deformation potential among other nitrides. [23] The strain induced piezoelectric polarization charges govern the built-in electric fields and Schottky barrier height thereby modulating carrier separation and transport properties of NWs. Several attempts were made to understand the piezotronic properties of the III-nitride NWs using c-AFM.
However, no efforts in combining the c-AFM with optical excitation in the visible wavelengths regime have been made to study the piezo-phototronic effect of n-InGaN NWs.
In this report, we prepared high-quality n-type InGaN NWs with ≈ 32% In composition emitting at around 510 nm using PAMBE. Importantly, these NWs were grown directly on Ti/TaN deposited Si substrates to facilitate a direct bottom electrical contact to the NW. The surface morphology along with current maps, structural and optical quality of the NWs were examined using c-AFM, scanning transmission electron microscopy (STEM), and photoluminescence (PL) (temperature-and power dependent) measurements. Furthermore, using c-AFM combined with a 405 nm laser source, the piezotronic and piezo-phototronic effects of the NWs were studied by applying stress on the NWs under optical excitation. This study enabled us to understand the piezo-phototronic effect of n-InGaN NWs by tuning the electrical transport in the presence of the strain and optical excitation.
Experimental methods
The Additionally while acquiring the I-V measurements on selectively chosen single NW, the sample was illuminated with the 405 nm laser using an optical fiber that set close to the sample area of interest. HAADF-STEM studies were carried out on n-InGaN NWs to assess the crystalline structure, quality, size and the reasons for non-uniform conductivity across the diameter of the NWs. Temperature-and power-dependent PL measurements were carried out using a 405 nm laser as an excitation source to inquire about the optical quality and compositional inhomogeneity induced localized states of n-InGaN NWs. Figure 3(a) shows the TDPL measurements from which the internal quantum efficiency (IQE) is estimated to be ≈ 45% which is a ratio of integrated PL intensity at 300 K and 10 K (I 300 /I 0 ), assuming that the non-radiative recombination centers are frozen at 10 K. [30] The obtained IQE value is reasonably high due to material quality demonstrated from the STEM results described in Figure 2 . The full width at half maxima (FWHM) of low temperature (LT) PL spectrum is relatively higher (≈ 250 meV)
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than that of the GaN NWs, which is usual for n-InGaN NWs. [31] The thermal quenching of PL mainly involves two processes which are associated with the delocalization of carriers and activation of the extended point defect states. The first process requires lower activation energy than the latter. By considering these two recombination channels, the integrated PL intensity (I T ) at a temperature (T) can be described by Arrhenius equation, expressed as indicates the degree of carrier localization and the more significant value of σ represents the stronger localization effect. [35] In this case, fitted σ value is as low as 0.7 meV which is far less than the literature values [35] [36] [37] indicating the absence of localized states or negligibly small localization in NWs. Consequently, the S-shape behavior is not observed in the inset of Fig   3(b) . [30] This is well corroborated with the obtained extremely low activation energy (6 meV Furthermore, to understand the recombination processes involved in PL spectra of the nInGaN NWs, the dependency of the excitation power on the integrated intensity and the PL peak emission was studied. and are modified SBHs due to strain and photoexcitation. is change in the SBH.
To understand the piezotronic and piezo-phototronic properties of MBE grown n-InGaN NWs/Ti/Si, we employed c-AFM measurements in conjunction with optical excitation. The morphology and current mapping c-AFM images, shown in Figure 1 (c) and (d), are used to select the NW of interest to study piezotronic and piezo-phototronic properties. While performing the AFM measurements, the tip degradation was thoroughly monitored. As shown in Figure 4 (a), we use tip deflection force to induce strain thereby enhancing the piezo-potential in the NW. With increasing tip deflection force, the current-voltage (I-V) characteristics were acquired with and without photoexcitation. For heavily doped semiconductors, thermionic-field emission is expected to be a dominant mechanism for the electrical transport via Schottky barrier (SB) that is formed at the ends of the NW under both forward and reverse biases. Thus the resultant current through SB can be given as [23, 48] ]
Where ƞ is ideality factor, φ SBH is Schottky barrier height, q is electron charge, k B is Boltzmann's constant, T is temperature, A is the area of the Schottky barrier, is the effective Richardson 
